A lthough dinitrogen (N 2 ) is the most plentiful gas in the atmosphere, it is inert and therefore not readily available for use in biological systems. The introduction of new nitrogen via nitrogen fixation has a central role in marine environments where the bioavailability of nitrogen determines the level of primary productivity (1) . Many strains of cyanobacteria have the ability to fix atmospheric nitrogen to a biologically accessible form and therefore significantly contribute to the oceanic biological nitrogen cycle (2, 3) . Nitrogen fixation is catalyzed by nitrogenase, a multiprotein enzyme exquisitely sensitive to oxygen. Cyanobacteria are the only diazotrophic organisms that produce oxygen gas as a by-product of photosynthesis and, consequently, must reconcile the presence of oxygen with the activity of an oxygen-sensitive enzyme. A variety of mechanisms have evolved to accommodate these incompatible processes, including the formation of heterocysts, specialized cells for nitrogen fixation in filamentous strains such as Anabaena (4) (5) (6) , temporal separation of photosynthesis and nitrogen fixation in unicellular organisms such as Crocosphaera and Cyanothece, and complex combinations of spatial and temporal separation in nonheterocystous filamentous cyanobacteria such as Trichodesmium (7) .
In marine environments, earlier work identified Trichodesmium as the key oceanic nitrogen-fixing cyanobacterium (8) .
More recently, Zehr and coworkers determined that multiple strains of unicellular cyanobacteria play a significant role in oceanic nitrogen fixation (3), leading to a new interpretation of N 2 fixation in this ecosystem. In fact, the abundance of unicellular diazotrophs may make their contribution to marine N 2 fixation more significant than that of Trichodesmium (1) . Despite their importance in the nitrogen dynamics of oceanic environments, a genome level description of a unicellular diazotrophic marine cyanobacterium has not previously been reported.
Cyanothece strains have been isolated worldwide from various habitats, including salt waters, where they demonstrate significant diversity in their cellular size, shape, and growth rates (9) . One marine diazotrophic strain, Cyanothece sp. ATCC 51142, has a robust diurnal cycle in which photosynthesis is performed during the day and nitrogen fixation at night (10) . As part of this diurnal cycle, Cyanothece 51142 actively accumulates and subsequently degrades and utilizes large quantities of different storage inclusion bodies, including those for the products of photosynthesis and nitrogen fixation (10) (see Fig. 1 ). Details of the diurnal cycle in Cyanothece 51142 have been explored by recent global transcriptional analyses, which revealed that 30% of genes, essentially those involved in central metabolic pathways, showed strong cyclic expression patterns (11) . Furthermore, functionally related genes were maximally expressed at distinct phases during the diurnal period. Taken together, these physiological traits describe an organism in which tight control of cellular processes combined with storage of metabolic products for later usage is paramount for its ecological success and survival.
To further understand the genomic basis for the biochemical and physiological adaptations in unicellular diazotrophic cyanobacteria, we report the complete genome sequence of Cyanothece sp. ATCC 51142. Our analysis of this genome revealed a unique combination of highly conserved gene clusters involved in nitrogen fixation and glucose metabolism, as well as the entire set of genes required for heterolactic acid and acetate fermentation. Furthermore, the pathways relevant for storage of metabolic products, including nitrogen (cyanophycin), carbon (glycogen), and phosphorus (polyphosphate), in intracellular inclusion bodies are represented by multicopy genes that may provide redundancy or additional regulation. These genomebased insights highlight the overall strategy of Cyanothece 51142 to maximize efficiency by tightly regulating major metabolic processes throughout a diurnal cycle.
Results and Discussion
Organization of the Cyanothece 51142 Genome. Cyanobacterial genomes reported to date vary greatly in size, a diversity likely related to the capability to adapt to different environmental niches. The 1.6-Mb genome of unicellular Prochlorococcus marinus str. CCMP1986 (MED4) may represent one of the smallest sets of genes enabling survival in the open ocean (12) , whereas genome expansion, as in freshwater heterocystous Anabaena sp. PCC 7120 (7.2 Mb) (13) and marine unicellular Acaryochloris marina (6.5 Mb) (14) , may illustrate the ability to acquire novel metabolic traits to succeed in specific environments. Interestingly, the genome of Cyanothece 51142, at 5.46 Mb in size, is Ϸ35% larger than that of the closely related Synechocystis sp. PCC 6803, an increase in size possibly accounting for temporal regulation and nitrogen fixation. This 5.46-Mb genome size is smaller than that of Anabaena and Nostoc, consistent with a correlation between heterocystous filamentous lifestyles and genome expansion.
Despite differences in genome sizes, the genome organizations of all cyanobacteria reported to date have been similar, with one large circular chromosome and several smaller circular plasmids (15) . However, shotgun sequencing and finishing of the Cyanothece 51142 genome led to the possibility of an independent 430-kb linear element. We then used optical restriction mapping, a technique that has been successfully used in bacterial genome finishing (16) , as an independent approach to confirm that the 430-kb element is indeed linear [supporting information (SI) Fig.  S1 ]. Verified by these combined approaches, the completed Cyanothece 51142 genome consists of six separate elements: a 4.93-Mb circular chromosome, four plasmids ranging in size from 10 kb to 40 kb, and the 430-kb linear chromosome ( Fig. 2 and Table 1 ).
The most unique feature of the organization of the Cyanothece 51142 genome is the linear chromosome, which is 429,701 bp long, and contains 449 predicted protein-coding sequences, 127 (28.3%) with assigned function (Table 1) . Overall, this chromosome contains a much higher percentage of genes with no assigned function (71.7% vs. 45.7%) compared with the large circular chromosome. Of the 95 genes on the linear chromosome assigned to functional categories, 42 are unique to the linear chromosome and have homologs in other organisms, whereas 38 genes have a corresponding copy on the circular chromosome or plasmids (Table S1) .
Although linear genomic elements have independently Overview of processes involved in daily metabolic cycling in Cyanothece 51142. Photosynthesis fixes carbon during the day, which is stored in glycogen granules. Glycogen is rapidly consumed during a burst of respiration in the early dark period, which coincides with peak nitrogenase activity, fermentation, and a minimum of photosynthetic capacity (10) . Fixed nitrogen is stored in cyanophycin granules, which are completely depleted during the following day. Phosphate is stored in polyphosphate bodies.
evolved in other bacterial genera such as Borrelia, Streptomyces, and Agrobacterium, mechanistic details concerning the origin, maintenance, and selective advantage of linear chromosomes are poorly understood (17, 18) . Analysis of the Cyanothece 51142 linear chromosome failed to reveal the presence of any distinguishing feature near its ends, such as inverted repeats and stem-loop structures (17) , nor the presence of any telomereprocessing proteins known to be associated with linear chromosomes in characterized bacterial genera (19, 20) . The origin of replication could not be determined for either the circular or linear chromosome by using standard GC skew and DnaA box analysis (21, 22) , consistent with the behavior of these algorithms on related cyanobacteria (22, 23) . Thus, the mechanism for replication and maintenance of the linear chromosome in Cyanothece 51142 remains unknown.
Proteomics-Assisted Genome Annotation. The total number of predicted protein-coding genes in the finished Cyanothece 51142 genome is 5,304, and for 2,735 (51.6%) of these, a likely function could be assigned. Of the remainder, 506 (9.5%) are of unknown function and 2,063 (38.9%) are hypothetical ( Table 1) . The annotation of genes of unknown function was greatly aided by data from a high-throughput proteomics analysis (see Materials and Methods for details). Proteomic data were used, in conjunction with early draft sequence, to build an accurate mass and time (AMT) tag library (24) that covered Ϸ50% of the predicted proteome. Because of the observation of corresponding tryptic peptides, 506 (25%) of 1,989 predicted ''hypothetical'' proteins with no significant homology to those of known function were reclassified as ''unknowns''. Additionally, the observed tryptic peptides were matched against a set of Ϸ12,000 low-confidence ORF predictions, resulting in the inclusion of 38 additional ORFs in the final genome annotation. The combined analysis of proteome and genome data is an important new approach that resulted in the inclusion or reclassification of nearly 550 genes (10%) and lent an additional and valuable level of validation to the genome annotation.
Genome-Based Model of Cyanothece 51142. The complete genome information has led to a detailed picture of the metabolic capacity of Cyanothece 51142 (Fig. 1 ). In the following sections, we will highlight key processes that are important in the life cycle of this organism.
Nitrogen Fixation. Nitrogen fixation has great influence on cellular metabolism in Cyanothece 51142 because the nitrogenase enzyme is synthesized, functions, and is then degraded during each diurnal period (10), a process that consumes considerable cellular resources. Phylogenetic analysis showed that Cyanothece 51142 and Crocosphaera watsonii, both capable of N 2 fixation, are most closely related to Synechocystis sp. PCC 6803, a unicellular cyanobacterium that cannot fix nitrogen (Fig. S2) . Although the origin of nitrogen fixation in cyanobacteria is currently a topic of much debate, this phylogeny suggests that nitrogen fixation may have been present in the ancestor of Crocosphaera watsonii, Cyanothece 51142, and Synechocystis 6803, and was later lost in Synechocystis 6803, a view consistent with Swingley et al. (25) . In the Cyanothece 51142 genome, the majority of genes involved in nitrogen fixation are located in a contiguous 28-kb cluster of 34 genes separated by no more than 3 kb (11, 26) . Within the gene cluster are the structural genes encoding the Fe-protein (nifH) and Mo-Fe protein (nifDK) of the molybdenum-iron nitrogenase enzyme, genes involved in Mo-Fe cofactor biosynthesis (nifB, fdxN, nifS, nifU, and nifV), Mo-Fe cofactor assembly (nifE and nifN), iron uptake ( feoA and feoB), and genes of unknown function. The proximity of these genes to each other, combined with their highly synchronous expression (11, 26) , strongly suggests that all genes in this cluster are involved in nitrogen fixation. The organization of genes in operons or transcriptional regulons is an attribute of prokaryotes that allows efficient control of genes participating in the same process. It may also provide the potential for lateral multigene transfer in a single step. Both of these factors may be at play regarding the nif gene clusters in cyanobacteria. We compared the nif gene cluster in Cyanothece 51142 to those found in a group of representative nitrogen-fixing cyanobacteria and to the cyanobacterial endosymbiont of the fresh-water diatom Rhopalodia gibba, which has a nif locus closely related to that of Cyanothece 51142 (27) . From this comparison, we found that Cyanothece 51142 contains the largest contiguous cluster of nitrogen fixation-related genes in this group (Fig. 3 and Table  S2 ). Importantly, the organization of the cluster is highly conserved among the nonheterocyst forming cyanobacteria: a single cluster consisting of two adjacent regulons on opposite strands, with the gene for a molybdate ATP-binding cassette transporter permease, modB, at the end. This general organization was found in all of the nonheterocystous strains examined, including Cyanothece 51142, Crocosphaera watsonii WH8501, Trichodesmium erythraeum IMS101, Synechococcus sp. JA-3-3Ab, and also in the spheroid body of Rhopalodia gibba (Fig. 3) . This is notable because transcriptional regulation is likely triggered by different mechanisms due to the diverse strategies for nitrogen fixation used by these organisms. In contrast, the corresponding clusters in the heterocystous cyanobacteria Nostoc punctiforme PCC 73102 and Anabaena sp. PCC 7120 are disrupted by several insertion elements and are missing modB, which is located elsewhere in the genomes. However, these clusters still share the same gene order within the separate subclusters. The cluster in Synechococcus sp. JA-3-3Ab, the most anciently branching of the group, is missing several genes and contains a unique inversion between nifV and nifE. Together, the organization of these clusters suggests a divergence from a common ancestor. The pattern of these differences between clusters can be most parsimoniously explained by starting with a single Cyanothece 51142-like ancestral nif cluster and introducing various inversion, deletion, mutation, duplication, and translocation events to yield the organizations found in the other strains. Interestingly, the similarities between the gene clusters resemble the relationships shown in the phylogenetic tree (Fig. S2) , even though nitrogen fixation-related sequences were excluded from the tree-building process (see SI Text).
Energy Metabolism and Fermentation. Cyanothece 51142 cells are programmed to undergo diurnal cycles of glycogen synthesis in the light, followed by degradation and utilization in the subsequent dark period ( Fig. 1) (28) . Accordingly, the genome includes the genes for glycogen synthesis and three different genes for glycogen degradation, with glgP2 located on the linear chromosome (Fig. 4A, Reaction 2) . Cyanothece 51142 contains all of the fermentation-related genes necessary to produce ethanol, lactate, acetate, and hydrogen (Fig. 4A) , processes that require an anoxic intracellular environment similar to that created during the dark period when nitrogen fixation occurs. Interestingly, while genes in the Cyanothece 51142 genome related to carbohydrate and energy metabolism are localized at multiple loci on the circular chromosome, a 20.2-kb gene cluster on the linear chromosome contains several genes involved in glucose and pyruvate metabolism (Fig. 4B ). Within this cluster is the only gene encoding L-lactate dehydrogenase (ldh) in the genome. This enzyme is required for the terminal step of lactate fermentation, suggesting that the linear chromosome is important for this process. Clustering of these genes may provide an advantage in transcriptional regulation under conditions where fermentation becomes the major energy-deriving process. This gene cluster on the linear chromosome does not show any conserved synteny to other cyanobacterial strains or to any genomes in the Kyoto Encyclopedia of Genes and Genomes (29) pathway database and is therefore unique to Cyanothece 51142.
Notably, Cyanothece 51142 contains a gene encoding the phosphoenolpyruvate carboxykinase (PEPCK), an enzyme that performs the first step in gluconeogenesis, circumventing the irreversible reaction of phosphoenolpyruvate to pyruvate in glycolysis. This enzyme links carbon, organic acid, and amino acid metabolism. This gene is also present in the purple photosynthetic bacterium Rhodopseudomonas palustris (30) and in the partially sequenced Cyanothece CCY0110 but is missing in nearly all other cyanobacterial strains sequenced to date.
Linear Chromosome. Linear chromosomes have been identified in a number of bacterial species, now including a photosynthetic cyanobacterium. However, the implications of the presence of such a chromosome in any of these bacteria remain unresolved (31) . An important question concerning the linear chromosome of Cyanothece 51142 is whether the genes located on it are expressed. Global transcriptional analyses have revealed that only a small number of genes on the linear chromosome are within the group of significantly cycling genes (11) . In fact, of a total of 1,445 cycling genes, only 17 are found on the linear chromosome (Fig. S3) . However, from the data generated as part of a global proteomics analysis (described above), we identified the products of 50 of the protein-coding genes on the linear chromosome (Table S1) .
Analysis of the genes on the linear chromosome that have corresponding copies elsewhere in the Cyanothece 51142 genome did not uncover any significant conserved synteny, with the exception of the coxBAC operon that is found twice on the circular chromosome. Although linear chromosomes have not been reported in photosynthetic bacteria, it is possible that they are specifically confined to the Cyanothece genus. We compared the linear chromosome and the genome sequences of other bacteria and found synteny only between the Cyanothece 51142 linear chromosome and the partially sequenced genome of Cyanothece sp. CCY0110. The draft genome sequence of Cyanothece sp. CCY0110 is currently in 163 contigs, and we identified 7 contigs covering a region of 182,835 bp that have synteny to the Cyanothece 51142 linear chromosome (Fig. S4) . Given the unfinished status of the Cyanothece sp. CCY0110 genome, the existence of a linear element cannot be unequivocally ascertained, but it remains possible that this genome also contains a linear chromosome. Additional genome sequences of other Cyanothece strains will be necessary to determine the extent of this occurrence within the Cyanothece.
A higher evolution rate for genes located near the chromosome ends has been reported for the linear chromosome in Streptomyces. This is particularly interesting, because most of the multicopy genes on the linear chromosome in Cyanothece 51142 are indeed localized closer to the ends. Gene redundancy could lead to alterations and selection for modifications in one gene copy that are beneficial to the organism.
Conclusion
To date, more than 50 cyanobacterial genomes, including freshwater, benthic, and open ocean strains, have been at least partially sequenced (14) . As the first completely assembled genome of a unicellular nitrogen-fixing cyanobacterium, the genome of Cyanothece 51142 represents a new class because, in addition to a conventional circular chromosome and plasmids, it contains one linear chromosome, the first description of a linear element in the genome of a photosynthetic bacterium. Additionally, marine diazotrophs such as Cyanothece 51142 need to accommodate a variety of environmental changes, particularly in nutrient availability. These organisms can adjust their cellular machinery according to nitrogen availability, which involves the capability to synthesize, store, degrade, and use large quantities of storage products during a diurnal period. This adaptation of Cyanothece 51142 to a nitrogendeficient marine environment is reflected at the genomic level. Notably, the genes associated with nitrogen fixation and glycogen metabolism are organized in regulons and/or found as multicopy genes. This presumably presents a mechanism for efficient control of gene expression and, together with the capability to store metabolic products in inclusion bodies, provides an advantage for unicellular marine diazotrophs such as Cyanothece 51142 in their natural nutrient-poor habitats.
Materials and Methods
Cell Growth. Cells were routinely grown under 12-h light/dark conditions (50 mol photons m Ϫ2 s Ϫ1 at 30°C) in ASP2 (11) medium without added nitrate (NaNO 3).
Genome Sequencing. At the Washington University Genome Sequencing Center, an Applied Biosystem 3730 instrument was used to sequence an initial 9.3ϫ coverage shotgun library, followed by sequencing of a fosmid library (EpiFos, Epicentre) and several rounds of pyrosequencing on a Roche 454 sequencer.
Genome Annotation. ORFs were predicted by using a combination of CRITICA (32) and GLIMMER (33), followed by detailed manual annotation. ScalaBLAST (34) hits were generated vs. UNIPROT release 7.7 (35) and the proteomes of all then-available sequenced cyanobacteria. GenomePlot software (36) was used to render the genomic maps. All tRNAs were assigned by using tRNAscan-SE (37) . Additional ncRNAs were assigned by using INFERNAL (38) to search for Fig. 4 . Genes encoding enzymes in glucose metabolism pathways in Cyanothece 51142. Pathways were generated by mapping Cyanothece 51142 genes onto known fermentative pathways (29, 40) . (A) Each arrow shows the direction of the reaction. Broken arrows indicate that more than one catalytic step is involved. The numbers correspond to the enzymes involved: (1) enzymes for glycogen synthesis, (2) enzymes for glycogen degradation, (3) glucose 6-P isomerase pgi, (4) 6-phosphofructokinase pfkA, (5) fructose-bisphosphate aldolase fba, (6) triosephosphate isomerase tpi, (7) glyceraldehyde-3-P dehydrogenase gap, (8) phosphoglycerate kinase pgk, (9) phosphoglycerate mutase gpm, (10) enolase eno, (11) pyruvate kinase pykF, (12) lactate dehydrogenase ldh, (13) pyruvate dehydrogenase pdhA, (14) phosphotransacetylase pta, (15) acetate kinase ackA, (16) glucose-6-P dehydrogenase zwf, (17) 6-phosphogluconate dehydrogenase gnd, (18) xylulose-5-P phosphoketolase xpk, (19) RFAM families (39) found in other cyanobacteria. Ribosomal rRNAs were identified through sequence homology to other cyanobacterial strains.
Proteomic Analysis. Soluble and membrane fractions were subjected to strong cation exchange chromatography (SCX), followed by reversed phase liquid chromatography (RPLC) separation and MS/MS analysis of peptides on a Finnigan LTQ ion trap mass spectrometer (ThermoFinnigan). Each unfractionated and SCX fraction was analyzed via capillary RPLC-MS/MS. SEQUEST software was used to match the MS/MS fragmentation spectra to sequences from the initial draft Cyanothece 51142 proteome. An AMT tag database containing the calculated mass and normalized elution time for each identified peptide was generated to assist with subsequent high sensitivity, high-throughput analysis of Cyanothece 51142 samples by using the AMT tag approach (24) .
Analysis of the nif Cluster. Proteins encoded by the Cyanothece 51142 nif cluster were searched against other cyanobacterial genomes by using BLASTP and TBLASTN, with an E-value cutoff of 0.01. Hits within 10 kb of each other within each genome were identified as part of a cluster of Nif proteins. Synteny to the Cyanothece 51142 cluster was identified manually and homologous genes assigned. Of the 34 genes in the Cyanothece 51142 cluster, 6 are not well conserved across the examined strains and were omitted from the analysis (Fig. 3 and Table S2 ).
